Sulfite oxidase catalyzes the terminal reaction in the degradation of sulfur amino acids. Genetic deficiency of sulfite oxidase results in neurological abnormalities and often leads to death at an early age. The mutation in the sulfite oxidase gene responsible for sulfite oxidase deficiency in a 5-year-old girl was identified by sequence analysis of cDNA obtained from fibroblast mRNA to be a guanine to adenine transition at nucleotide 479 resulting in the amino acid substitution of Arg-160 to Gln. Recombinant protein containing the R160Q mutation was expressed in Escherichia coli, purified, and characterized. The mutant protein contained its full complement of molybdenum and heme, but exhibited 2% of native activity under standard assay conditions. Absorption spectroscopy of the isolated molybdenum domains of native sulfite oxidase and of the R160Q mutant showed significant differences in the 480-and 350-nm absorption bands, suggestive of altered geometry at the molybdenum center. Kinetic analysis of the R160Q protein showed an increase in K m for sulfite combined with a decrease in k cat resulting in a decrease of nearly 1,000-fold in the apparent second-order rate constant k cat ͞K m . Kinetic parameters for the in vitro generated R160K mutant were found to be intermediate in value between those of the native protein and the R160Q mutant. Native sulfite oxidase was rapidly inactivated by phenylglyoxal, yielding a modified protein with kinetic parameters mimicking those of the R160Q mutant. It is proposed that Arg-160 attracts the anionic substrate sulfite to the binding site near the molybdenum.
Sulfite oxidase catalyzes the oxidation of sulfite to sulfate, the terminal reaction in the oxidative degradation pathway of the sulfur-containing amino acids cysteine and methionine. The enzyme is a dimer of identical subunits and is located in the intermembrane space of mitochondria. Each 52-kDa subunit contains a small N-terminal heme domain and large Cterminal molybdopterin-binding domain (1) . A single molybdenum atom at each active site of the enzyme is coordinated to the two dithiolene sulfurs of molybdopterin (2) and to the sulfur of Cys-207 (3). The reaction catalyzed by the enzyme is schematically represented in Fig. 1 and includes steps of sulfite binding, two-electron oxidative hydroxylation to form sulfate, two successive intramolecular one-electron transfers to the heme, and reoxidation of the heme by cytochrome c. Point mutations in the gene could generate enzyme molecules affected in any of these steps or in translocation to the mitochondrion. Thus the identification of such mutations in patients with sulfite oxidase deficiency could provide requisite information on the role of the affected amino acid residue in the catalytic activity of the enzyme.
Human sulfite oxidase deficiency is a debilitating disease characterized by severe neurological abnormalities, seizures, mental retardation, and dislocation of the ocular lenses that often leads to death in infancy (4) . The phenotype of sulfite oxidase deficiency can arise from a mutation either in the sulfite oxidase gene (isolated sulfite oxidase deficiency) or in any of several genes involved in the synthesis of molybdopterin (molybdenum cofactor deficiency). In the latter case patients exhibit combined deficiencies of all molybdoenzyme activities. This article describes the design and application of procedures to isolate the mutant sulfite oxidase gene from patients diagnosed with isolated sulfite oxidase deficiency and to generate the recombinant form of the mutant protein for physicochemical characterization. In addition to the diagnostic utility of these studies, the identification of genetic defects causing sulfite oxidase deficiency has revealed point mutations leading to single amino acid changes that provide insight into the structure and function of the enzyme. One of those mutations, resulting in the replacement of Arg-160 with Gln, is described below. Reagents for cloning of PCR products were from Invitrogen. Cell culture media and supplements were from Life Technologies (Grand Island, NY). Phenylglyoxal was obtained from Sigma.
Quantitation of Urinary Metabolites. Sulfite was measured using Macherey & Nagel sulfite test strips from Gallard Schlesinger and by monitoring at 550 nm the amount of cytochrome c reduced by aliquots of the urine sample in the presence of added rat liver sulfite oxidase. Thiosulfate (5) and S-sulfocysteine (6) were assayed as described. Oxypurines were quantitated using the procedure of Crawhall et al. (7) and urothione was measured as reported (8) .
Fibroblast Culture Conditions. Fibroblasts were cultured at the Cell Culture Facility, Duke University Comprehensive Cancer Center. Cells were grown at 37°C in an atmosphere of 5% CO 2 to an approximate density of 2 ϫ 10 7 cells per 150 cm 2 flask in minimal essential media alpha with ribonucleosides supplemented with 10% bovine calf serum. Cells were assayed for sulfite oxidase activity as described (9) .
Purification of mRNA from Cultured Fibroblasts. RNA was routinely purified from Ϸ10 8 cells. The cell culture media was decanted from five flasks, and each flask was rinsed with 10 ml of ice-cold 140 mM NaCl, 8.1 mM Na 2 HPO 4 , 1.1 mM KH 2 PO 4 , 0.27 mM KCl, pH 7.4. The cells were released from the flasks by the addition of 8 ml of denaturing solution (25 g guanidine thiocyanate dissolved in 33 ml of 42 mM sodium citrate, 0.83% N-lauroylsarcosine, 0.2 mM 2-mercaptoethanol). The flask containing the denaturing solution was incubated on ice for Ϸ1 min; then the denaturing solution and cells were pipetted successively into the remaining four flasks allowing a 1-min incubation after each transfer. All flasks were then rinsed with an additional 4 ml of denaturing solution in reverse order relative to the initial cell disruption. The suspension was homogenized by five passes through a glass-Teflon homogenizer, and 1.2 ml of 2 M sodium acetate, pH 4.0, was added. The homogenate was extracted with 12 ml of phenol͞ chloroform͞isoamyl alcohol (24:23:1) and centrifuged at 10,000 ϫ g for 20 min at 4°C. The RNA in the aqueous phase was precipitated by the addition of an equal volume of isopropyl alcohol, and then pelleted by centrifugation at 10,000 ϫ g for 15 min at 4°C. The RNA pellet was resuspended in 5 ml of denaturing solution, precipitated with an equal volume of isopropyl alcohol by centrifugation at 10,000 ϫ g for 15 min at 4°C, rinsed with 75% ethanol, and resuspended in 0.5 ml 0.5ϫ standard saline citrate (SSC; 1ϫ SSC ϭ 0.15 M sodium chloride͞0.015 M sodium citrate, pH 7). Purification of mRNA was performed using the PolyATtract mRNA isolation system (Promega). The entire RNA sample from the previous step (Ϸ1 mg) was heated to 65°C for 10 min, 13 l of 20ϫ SSC and 3 l of biotinylated oligo(dT) probe were added and the solution was allowed to cool to room temperature. Streptavidin-paramagnetic particles preequilibrated with 0.5ϫ SSC were added to the annealing mixture and incubated at room temperature for 10 min. The streptavidin-paramagnetic particles were washed four times with 300 l 0.1ϫ SSC by resuspension and magnetic capture. The mRNA was isolated by resuspension of the final streptavidin-paramagnetic particle pellet in 0.1 ml of water, magnetic recapture of the streptavidin-paramagnetic particles, and elution with an additional 0.15 ml of water. Total mRNA isolated was estimated to be 5 g.
Synthesis of cDNA and PCR Amplification. For first strand cDNA synthesis, a reaction mixture containing 3 l mRNA, 4 l 25 mM MgCl 2 , 2 l 10ϫ PCR buffer (500 mM KCl͞100 mM Tris⅐HCl, pH 8.3), 2 l each of dGTP, dATP, dTTP, dCTP (0.1 M), 20 units RNase inhibitor, 50 units reverse transcriptase, and 5 pmol of oligo(dT) 16 in a total volume of 20 l was incubated at room temperature for 10 min and then at 42°C for 15 min. The reverse transcriptase was denatured by heating to 99°C for 5 min, and the reaction was allowed to cool to room temperature. For PCR amplification of the cDNA, 4 l of 25 mM MgCl 2 , 8 l of 10ϫ PCR buffer, 66.5 l of water, and 0.5 unit of AmpliTaq DNA polymerase were added, and the mixture was heated to 95°C. Primers HN1B (TCGGTGTAG-GGCTGCCATGGAGTCAACAC) and HN2B (GGTGGCT-CCTTTCCATGGTCATGGGGAG) were added to a final concentration of 150 nM, and the reaction was cycled at 60°C for 30 s, 72°C for 90 s, 95°C for 30 s for a total of 35 cycles. The products of the PCR amplification were cloned into the pCR II vector and transformed into TA One Shot competent cells, and the inserts were sequenced.
Site-Directed Mutagenesis, Plasmids, and Strains. Mutations were introduced into pRG118 as described (3) . The human sulfite oxidase R160Q expression vector pRG118-R160Q was constructed by using primer 118R160Q (TCTT-CTTCACCCAGAACCATCTGCCT) to replace the guanine at position 479 with adenine, and selection primer RG118S (GACCTGCAGTCTAGATTGGCTGTTTTGGCG), which changes the unique HindIII site in the multiple cloning region of pRG118 to XbaI. The human sulfite oxidase R160K expression plasmid pRG118-R160K was constructed by using selection primer RG118S and mutagenic primer 118R160K (TCTTCTTCACCAAGAACCATCTGCCT), which changes Cyt-478 to Ade and Gua-479 to Ade.
Analysis of the Molybdenum Center of Native Sulfite Oxidase and R160Q. Molybdenum was quantitated by atomic absorption by using a Perkin-Elmer Z3030 instrument. Samples were prepared for analysis by wet ashing in nitric acid as described (10) . The molybdenum domains of native sulfite oxidase and the R160Q mutant were prepared and spectrally analyzed as described (3) .
Inhibition by Phenylglyoxal. Native sulfite oxidase at a concentration of 2.4 M in 0.1 M NaHCO 3 , 50 mM bicine, pH 8.3, was incubated with 5.2 mM phenylglyoxal at room temperature for 1 h. At intervals, aliquots were removed and assayed for sulfite oxidase activity. Activity measurements were corrected for the rate of nonenzymatic reduction of cytochrome c by sulfite.
RESULTS
Case Report. The patient was born to first cousin consanguineous parents of Dutch descent and exhibited developmental delay and hypotonia during the first 2 years of life with regression beginning at Ϸ21 months. She has two healthy siblings. She had two seizures at Ϸ5 months of age but none since. At age 2 years bilateral dislocation of the lenses was detected, and calcification of the basal ganglia and hypoplasia of the cerebellar vermis were documented on computed tomography and magnetic resonance imaging scans. Ataxia, dystonia, and choreoathetoid movements became progressively worse. She had mild eczema, fine hair, and delayed teething but normal nails and joints. She had significant irritability and spasms needing sedation at night. At age 5 years, she had significant failure to thrive with feeding problems, aspiration, and generalized hypertonia.
Biochemical Laboratory Results. Laboratory results obtained on urine and fibroblast cultures from the patient are summarized in Table 1 . Sulfur metabolites, including sulfite, thiosulfate and S-sulfocysteine were all elevated, indicative of sulfite oxidase deficiency. Uric acid excretion was somewhat low; however, there was no elevation of urinary xanthine or hypoxanthine consistent with normal xanthine dehydrogenase activity in this individual. The presence of adequate amounts of molybdenum cofactor was confirmed by the finding of a normal level of urothione, the metabolic degradation product of the molybdenum cofactor (8) . No sulfite oxidase activity could be detected in cultured fibroblasts. These results document the occurrence of isolated sulfite oxidase deficiency in this patient.
Identification of the Genetic Defect Causing Sulfite Oxidase
Deficiency. The mutant sulfite oxidase gene was cloned from fibroblasts isolated from the patient as described in Materials and Methods. Messenger RNA purified from fibroblasts was used to synthesize cDNA from which the mutant sulfite oxidase gene was amplified by PCR by using primers flanking the start and stop codons of the sulfite oxidase coding sequence. A single mutation in the sequence, a guanine to adenine transition, was discovered at nucleotide 479 (see Fig.  2 ). The result of the G479A mutation is the single amino acid substitution R160Q. The guanine to adenine transition at position 479 was identified in several clones obtained from the patient and was the only mutation observed. This finding suggests that both alleles of the sulfite oxidase gene in this patient harbor the same mutation and is consistent with the consanguinity of the parents.
Expression and Characterization of the Sulfite Oxidase R160Q Mutant. The R160Q genetic mutation identified in the patient was constructed and expressed in E. coli as described in Materials and Methods. The human recombinant sulfite oxidase R160Q protein was purified from E. coli as described (11) . The mutant enzyme exhibited no unusual behavior throughout the purification procedure, although the specific activity of the enzyme (23.5 units͞mg) was markedly lower than that of the native enzyme (1,100 units͞mg) under the standard assay conditions described previously (11) . Molybdenum analysis indicated that the R160Q mutant protein contained 0.91 mol Mo͞mol heme, demonstrating that the mutation does not affect incorporation of the metal into the active site of the enzyme. However, the specific activity of the molybdenum center of the R160Q enzyme as measured by the sulfite-dependent reduction of ferricyanide, an activity not requiring the heme domain, was also significantly lower: 0.95 units͞mg for the mutant vs. 66 units͞mg for the native enzyme.
The molybdenum domains of native sulfite oxidase and of the R160Q mutant were prepared by using recombinant proteins, both with the K108R substitution introduced into the hinge region to enhance trypsin susceptibility at that specific site (3). The proteins were treated with trypsin at 4°C for 18 h, trypsin inhibitor was added, and the absorption spectra of the isolated domains were obtained by on-line diode array spectroscopy during HPLC chromatographic separation of the resultant molybdenum and heme domains. The absorption spectrum of the molybdenum domain of the R160Q mutant shows distinct differences from that of the native (see Fig. 3 ) including a blue shift in the 480-nm absorption band and a significant decrease in the intensity of the 350-nm band, suggestive of altered geometry of molybdenum coordination at the active site. The yield of intact molybdenum fragment from the R160Q mutant was Ϸ40% of that obtained from an (1998) equivalent amount of native protein using identical trypsin cleavage conditions, and several peaks of low molecular weight material were identified in the chromatogram of the R160Q cleavage mixture. This suggests that the R160Q mutation results also in a slightly more open structure that is somewhat susceptible to cleavage by trypsin at sites other than at residue 108. The molybdenum domain obtained from the R160Q mutant was eluted in the expected position from the HPLC gel filtration column and was unchanged in spectral or elution properties after incubation at 4°C for several days, indicating that the isolated domain was stable and that no further degradation occurred after the addition of trypsin inhibitor. The kinetic constants K m (sulfite) and k cat (per subunit) indicated an extreme departure from the equivalent parameters associated with the native enzyme (see Fig. 4 ). The native enzyme was found to have a K m for sulfite of 17 M, and a k cat of 16 s
Ϫ1
. The K m for sulfite and k cat of R160Q were determined to be 1.7 mM and 2.4 s
, respectively. The increase in K m combined with the decrease in k cat results in a decrease of nearly 1,000-fold in the apparent second order rate constant k cat ͞K m .
The R160K mutant was constructed to determine whether a positively charged lysine could serve as a functional replacement for arginine in the active site. The kinetic parameters K m and k cat for the R160K mutant were found to be intermediate in value between those of the native protein and the R160Q mutant, with a K m for sulfite of 332 M, and k cat of 4.8 s Ϫ1 (Fig.  4) .
Arginine Modification Studies. The observation that replacement of Arg-160 with Gln or Lys has a significant effect on the activity of sulfite oxidase suggested that this residue might be accessible to chemical modification by phenylglyoxal (12) . Enzyme activity was assayed over a period of 60 min incubation with 5.2 mM reagent and showed a progressive decrease (see Fig. 5 ), approaching a state with nearly complete loss of activity when assayed under standard assay conditions (0.4 mM sulfite). Final residual activity was Ϸ20% that of wild type when enzyme assays were carried out by using 0.1 M sodium sulfite, as would be expected if the primary target of modification were the Arg-160 residue.
DISCUSSION
The R160Q mutant of sulfite oxidase was derived from a patient exhibiting symptoms previously identified with deficiency of the enzyme. The high content of sulfite, thiosulfate, and S-sulfocysteine in the patient's urine, the normal oxypurine profile and urothione level, and the absence of sulfite oxidase activity in fibroblast extracts confirmed the diagnosis of isolated sulfite oxidase deficiency. These findings indicated that a mutation in the sulfite oxidase gene has caused the absence of functional sulfite oxidase in this patient.
The use of recombinant techniques has allowed the identification of the single nucleotide replacement in the patient's sulfite oxidase gene and the heterologous expression of the resulting R160Q mutant enzyme in E. coli. The mutant protein was expressed in E. coli at the same levels as native human sulfite oxidase and was amenable to purification by the procedure developed for the native enzyme. The purified enzyme is indistinguishable from the native in physical properties as well as in the content of heme, molybdopterin, and molybdenum. Differences in the molybdenum centers of the native and mutant proteins were revealed, however, by absorption spectroscopy of the isolated molybdenum domains. Studies of the molybdenum ligand field by extended x-ray absorption fine structure analysis carried out previously (13) have provided no evidence for Arg as a direct ligand to the metal; thus, it was somewhat of a surprise that the absorption properties of the R160Q mutant were altered to the extent observed. It would appear from these results that the modified residue is in fact quite near the metal or that it induces structural distortions at or near the catalytic site.
Detailed kinetic analysis has shown that the mutant protein has a greatly increased K m for sulfite and a marked decrease in k cat resulting in nearly a 1,000-fold decrease in the second order rate constant k cat ͞K m . The altered kinetic properties of the R160Q mutant protein are undoubtedly responsible for the in vivo state of sulfite oxidase deficiency in the patient. The residual catalytic activity of the R160Q enzyme, although readily monitored in samples of purified recombinant protein, was too low to be detected in cultured fibroblasts where sulfite oxidase expression is very limited. However, the residual catalytic competence of the R160Q sulfite oxidase may explain the relatively milder course of the disease in this particular patient. The more severe cases of sulfite oxidase deficiency, characterized by frequent seizures, often uncontrolled by medication, and death within a few days of birth, presumably result from a complete absence of the sulfite oxidase protein subsequent to gene mutations that lead to early termination of translation or regulatory mutations with drastic effects on transcription or translation.
The elevation in K m for sulfite in the R160Q mutant is in accord with a role for Arg-160 in attracting the negatively charged sulfite molecule to the catalytic site. Additional support for the presence of this residue at the active site was obtained from examination of the effect of phenylglyoxal on native enzyme. The enzyme was rapidly inactivated by this reagent yielding a modified protein with kinetic parameters mimicking those of the R160Q mutant. That is, the modified protein retained Ͻ5% residual activity when assayed with 0.4 mM sulfite (essentially saturating concentration for the native enzyme), but residual activity was close to 20% when the assays were carried out with 0.1 M sulfite, showing that the K m of the phenylglyoxal-modified protein for sulfite was increased just as was observed with the R160Q mutant. These data suggest that Arg-160 is accessible to and reactive with the phenylglyoxal.
Introduction of a positively charged lysine residue in place of arginine yielded a protein that exhibited kinetic parameters K m and k cat intermediate between those of the native and R160Q proteins. It is likely that the positive charge of the lysine residue does not occupy the same position in the active site of the enzyme as that of the arginine residue due to the altered length of the side chain; in addition, the arginine guanidino group may be better suited to attract the divalent sulfite anion.
Arg-160 is conserved in sulfite oxidases from numerous sources and also in the assimilatory nitrate reductases (14) . It is reasonable to conclude that in the nitrate reductases, the arginine residue is involved in attracting the nitrate anion to the active site. The fact that the R160Q mutant displays a marked decrease in k cat in addition to the increase in K m , suggests, however, that in addition to its role of acting as an attractant for the substrate, the Arg residue may serve other functions in the overall catalytic mechanism of these enzymes.
Note. The crystal structure of chicken liver sulfite has recently been completed (15) and shows that the arginine residue corresponding to
